Introduction
[2] The ocean mixed layer is characterized as having nearly uniform physical properties throughout the layer with a gradient in properties at the bottom of the layer. The mixed layer links the atmosphere to the deep ocean and plays a critical role in climate variability. Atmospheric fluxes of momentum, heat and freshwater through the ocean surface drive vertical mixing that generates the mixed layer. The depth of the mixed layer varies with time owing to variability of the atmospheric forcing, and the thickness of the mixed layer indicates the amount of water (as well as heat) that directly interacts with the atmosphere.
[3] A recent mixed-layer heat balance analysis in the Southern Ocean [Dong et al., 2007] suggests that a proper representation of the temporal variations of mixed-layer depth (MLD) is required in order to obtain a more accurate upper ocean thermal balance involving the air-sea heat exchange. The heat stored and released from the ocean involves subduction/obduction processes (water leaving or entering the mixed layer from the layer below) that depend on the temporal and spatial variability of the MLD. [2002] suggested that the MLD strongly influences sea surface temperature (SST) variability and that a better representation of the MLD can improve the predictability of the SST anomalies on seasonal to longer timescales. The persistence of wintertime SST anomalies is related to the seasonal and interannual variability of the MLD through a reemergence mechanism [Alexander and Deser, 1995; Deser and Timlin, 2003] . Bhatt et al. [1998] suggested that the reemergence mechanism also acts to enhance the persistence of air temperature anomalies on interannual timescales through air-sea interaction. Thus, a better knowledge of the MLD can improve our understanding of the atmosphere-ocean coupled system.
Dommenget and Latif
[4] A proper representation of the mixed layer in the Southern Ocean is particularly important. The strong winds in the Southern Ocean imply deep mixing, and hence deep mixed layers. Deep mixed layers are linked to Antarctic Intermediate Water (AAIW) and Subantarctic Mode Water (SAMW) formation [McCartney, 1977; Hanawa and Talley, 2001] . The process of AAIW and SAMW formation connects the upper and lower limbs of the global overturning circulation [Sloyan and Rintoul, 2001] , which carries heat around the globe. Properties of SAMW and AAIW contain the imprint of air-sea interaction and carry carbon dioxide into the ocean interior, resulting in a possibly large storage of anthropogenic carbon dioxide. SAMW in particular has been claimed as a good indicator of anthropogenic climate change [Banks et al., 2000 [Banks et al., , 2002 .
[5] A number of global MLD products are publicly available [e.g., Monterey and Levitus, 1997; de Boyer Montegut et al., 2004] . Examination of the mixed-layer heat budget in the Southern Ocean [Dong et al., 2007] suggests that there are large uncertainties in the MLD from the World Ocean Atlas 1994 [Monterey and Levitus, 1997] . The MLD of de Boyer Montegut et al. [2004] provides a better representation of the mixed layer. However, their density-based MLD has large gaps in the Southern Ocean because of the sparseness of the historical salinity observations. Argo floats measure both temperature and salinity stratification, providing a unique data set for the Southern Ocean to determine MLD. The vertical resolution of the Argo float profiles is relatively coarse, which may not be suited for resolving shallow MLDs typical of the tropics. However, Argo float profiles have the potential to resolve the deeper MLDs commonly seen in the Southern Ocean. The main objective of this study is to determine a climatology for the Southern Ocean MLD from Argo float profiles. Keeping in mind the relationship between the deep mixed layers and the formation of AAIW and SAMW, we will also examine where and when the deep winter mixed layers occur and their water properties. Some recent studies [Sallee et al., 2006; Schneider and Bravo, 2006 ; J. W. Holte and L. Talley, Examining SAMW formation with a new method for finding mixed layer depths and ARGO, submitted to Journal of Atmospheric and Oceanic Technology, 2008] have used Argo floats to look at regional SAMW properties in the Southern Ocean. In this study we consider SAMW properties in the entire Southern Ocean.
[6] We start in section 2 with a description of the Argo profiles and the criteria used to determine MLD. Our MLD climatology is available in the auxiliary material 1 (see Appendix A). In section 3 we examine the spatial distribution and properties of deep mixed layers which mainly occur near the northern boundary of the Antarctic Circumpolar Current (ACC). The temperature, salinity, and density of these deep mixed layers are consistent with the property ranges of the SAMW. A summary is given in section 4. Each float descends to a preprogrammed parking depth (typically 1000 to 2000 m) and drifts freely. Every 10 d it ascends from its parking depth to the sea surface. As it rises, temperature and salinity are measured continuously. When the float reaches the surface, the continuous measurements are averaged with 10 m resolution in the top 200 m of the water column, and below 200 m the average spacing increases linearly with depth to about 100 m at 2000 m depth. The averaged measurements are then transmitted to satellites. After transmission, the float descends again and starts a new cycle. Argo provides seasonally unbiased measurements, which are critical for climate studies, particularly at high latitudes where ship measurements are limited during winter owing to the hostile weather conditions. The global Argo profiles and trajectories are managed by the Global Ocean Data Assimilation Experiment and available from http://www.usgodae.org/. Only profiles with a quality flag of '1' and '2', indicating 'good data' and 'probably 'good data', are used, resulting in a total of about 42,000 profiles in our study region. About 3% of those profiles extend to less than 200 m depth and are excluded to ensure the detection of the mixed layer. Another 1% of the profiles are also excluded because of density inversions. Although the number of profiles in each month does not differ significantly, the number has increased enormously each year with 88% of the total profiles obtained during 2004-2006. [8] Here we describe the vertical structure of the temperature in the Southern Ocean and divide Argo profiles into 3 groups based on a common temperature structure and location: common stratification (Figure 1a) , temperature inversion near the Polar Front (Figure 1b) , and temperature inversion near the ACC (Figure 1c ). Examples of typical temperature and salinity profiles for each group are shown in the middle and lower plots of Figure 1 . Argo profiles, particularly north of the ACC (Figure 1a) , are typically stratified, with increasing density (not shown) and decreasing temperature with depth ( Figure 1a , middle). Here we define the ACC region as a circumpolar band between the mean dynamic heights of À0.4 m and À1.2 m, corresponding to the Subantarctic Front and Polar Front, respectively, where the mean dynamic heights are from Maximenko and Niiler [2005] . Those dynamic heights are similar to the mean positions of the Subantarctic Front and Polar Front from historical hydrographic data [Orsi et al., 1995; Belkin and Gordon, 1996] and satellite measurements [Gille, 1999; Moore et al., 1999; Dong et al., 2006] . For most profiles salinity decreases with depth from the surface to about 1000 m, and below that it increases with depth ( Figure 1a , bottom, solid line). In the eastern Pacific (east of 150°W) and in the vicinity of the ACC salinity increases with depth with the minimum salinity at the surface ( Figure 1a , bottom, dashed line). This common thermally stabilized stratification makes up 76% of the total Argo profiles in our study region. The rest of the profiles experience temperature inversions because of the influence of salinity. Temperature inversions are common within and near the boundaries of the ACC, and they are frequently found in the Argo profiles (Figure 1b and 1c) . Depending on the location and time of year, temperature inversions show different vertical structures.
Data and Criteria for the Ocean Mixed-Layer Depth
[9] Nearly all the Argo profiles in the vicinity of the Polar Front and to its south experience temperature inversions (Figure 1b) . These profiles typically have very weak stratification below 400 -500 m depth, and the temperature at 1000 m is about 2°C, corresponding to the Upper Circumpolar Deep Water. Figure 1b (middle) illustrates the seasonal evolution of the temperature in the upper column. During winter (Figure 1b , middle, gray line), the minimum temperature at the surface extends to 100-300 m corresponding largely to the Antarctic Surface Water and Winter Water layers south of the Polar Front, whereas below 300 m, the water column is warmer, and the temperature gradient is weak. The upper layer warms in spring (Figure 1b , middle, black solid line), and the minimum temperature at 100 -300 m is capped by warm water at the surface, but the surface temperature is still lower than the deeper water column. Summer heating further warms the upper water column, resulting in higher temperatures at the surface, which exceed the temperature maximum found at depth (Figure 1b , middle, dashed line). The surface temperature subsequently decreases as a result of cooling in fall, and profiles show a structure similar to that found in spring. The corresponding salinity profiles (Figure 1b, bottom) show that salinity decreases with depth during all seasons. A seasonal variation in salinity can be seen in the top 100-300 m layer with the freshest water during summer (Figure 1b , bottom, dashed line), which is probably due to the ice melting. Profiles shown in Figure 1b make up 12% of the total profiles.
[10] Temperature inversions are also common around the northern boundary of the ACC (Figure 1c) , occur in the remaining 12% of the profiles. In contrast with temperature profiles to the south (Figure 1b) , temperature profiles around the northern boundary of the ACC experience large stratification below the mixed layer, and the surface water is warmer than the deeper water column (Figure 1c , middle).
During winter, temperature profiles show a subsurface maximum ( Figure 1c , middle, gray line). Similar to the seasonal evolution of the temperature inversion to the south (Figure 1b , middle), heat input from the atmosphere during summer warms the surface layer, which caps the cold water below the surface, and the temperature of the warmed surface layer exceeds the temperature maximum at the subsurface ( Figure 1c , middle, dashed line). Temperature profiles during spring and fall (not shown) do not show a coherent vertical structure, and the surface temperature can be warmer or colder than the subsurface temperature. The vertical structure of the salinity profiles along the northern boundary of the ACC (Figure 1c , bottom) is more complicated than those in the other two cases (bottom plots in Figures 1a and 1b) owing to the mixing of water masses from the south and the north. Some salinity profiles show a vertical structure similar to those in Figure 1a , bottom, some show structure similar to those in Figure 1b , bottom, and others show multiple inversions as shown in Figure 1c , bottom.
[11] Overall, nearly one quarter of all our Argo profiles display temperature inversions (Figures 1b and 1c) . These temperature inversions suggest that determination of the MLD in the Southern Ocean is likely to pose different challenges than determining MLDs in lower latitude regions that are strictly temperature stratified.
[12] A number of criteria have been used in the literature to define MLD from in situ observations of temperature and salinity profiles. These criteria can be divided into two groups: property difference-based criteria, where MLD is defined as the depth where the oceanic property has changed from a reference surface value by a constant amount [e.g., de Boyer Montegut et al., 2004] , and gradient-based criteria where MLD is defined as the depth where the vertical gradient of the property equals or exceeds a threshold value [e.g., Lorbacher et al., 2006] . In the following we refer to these as difference criteria and gradient criteria, respectively. In temperature-based difference criteria, values of potential temperature absolute difference (Dt = jT s À T d j) ranging from 0.01°C to 1.0°C have been commonly used [Weller and Plueddemann, 1996; Monterey and Levitus, 1997; Qiu, 2000; de Boyer Montegut et al., 2004] , where T s is near surface potential temperature and T d is the potential temperature at depth. Values of potential density difference (Dr = r s À r d ) from 0.005 kg m À3 to 0.125 kg m À3 have been used in the density-based difference criteria [Brainerd and Gregg, 1995; Monterey and Levitus, 1997; de Boyer Montegut et al., 2004] . A temperature gradient of 0.025°C m À1 and density gradient from 0.0005 kg m À4 to 0.05 kg m À4 have been used to determine MLD in the gradient criteria [Brainerd and Gregg, 1995; Wijesekera and Gregg, 1996] . Lorbacher et al. [2006] determined MLD on the basis of the shallowest extreme curvature of temperature profiles. Holte and Talley (submitted manuscript, 2008) developed a hybrid method to identify MLD constructed specifically for the Southern Ocean profiles within and north of the ACC; they showed that density criteria are relatively robust, but criteria based on temperature alone are inadequate in the presence of strong salinity stratification, as also shown here. Comparisons of MLD from difference and gradient criteria [Brainerd and Gregg, 1995; Thomson and Fine, 2003] have suggested that MLDs determined using a difference criterion are more stable.
[13] In analogy with de Boyer Montegut et al. (Figure 1a) , the temperature and density criteria give similar MLDs. Although temperature inversions dominate the Argo profiles south of the ACC, in most cases the inversions do not influence the MLD: the density and temperature criteria produce MLDs that differ by less than 20 m in 82% of the profiles shown in Figure 1b . However, in some cases salinity effects can result in large differences between the density-based and temperature-based MLDs. Figure 2a shows a temperature profile with a shallow mixed layer (154 m), whereas the corresponding density profile shows a much deeper mixed layer (267 m) because of the compensation between temperature and salinity. Figure 2b shows an opposite case: temperature above 300 m varies very little, whereas density increases significantly at 100 m because of increasing salinity. The differences between the temperature-based and the density-based MLDs suggest that where studies require an estimate of the fully homogenized mixed layer at each grid point, the shallower of the two MLDs should be employed.
[14] We tested alternate net difference values of DT (0.5°C) and Dr (0.125 kg m À3 ), which both result in deeper mixed layers. We found that the deeper mixed layers increased the imbalance in our mixed-layer heat budget [Dong et al., 2007] . This suggests that criteria with large temperature and density differences are not appropriate in the Southern Ocean, where the stratification is relatively weak. Smaller net difference values of DT (0.1°C) and Dr smaller net difference values, in most cases the mixed-layer depth did not differ significantly from the depth found using the property difference criteria (Dt = 0.2°C and Dr = 0.03 kg m À3 ): MLD differences are less than 20 m in 84% of the total profiles. However, in cases where the profiles change slowly with depth and anomalous spikes may appear within the well-mixed layer (such as in Figure 2b ), the gradient criteria can give an erroneously shallow MLD that can differ from the net difference criteria by more than 100 m. Consistent with previous studies [Brainerd and Gregg, 1995; Thomson and Fine, 2003] , our examination suggests that the difference criteria give a more stable MLD. Finally, we tested the hybrid method of Holte and Talley (submitted manuscript, 2008) , as a supporting exercise for their study. The density-based MLD from their hybrid method is similar to the MLD from density difference criteria, consistent with their regional results that a density difference criteria is adequate for characterizing the actual MLD. However, relatively large differences are found in their temperature-based MLDs and the MLDs from our temperature difference criterion (see auxiliary material for quantitative data).
[15] The presence of temperature inversions (Figures 1b  and 1c) does not significantly influence the determination of MLD from temperature alone, provided that the absolute values of temperature difference are used in the MLD criterion (i.e., Dt = jT s À T d j). However, in studies of mixed-layer heat budgets, in addition to MLD, the temperature (T d ) of water entrained into the mixed layer from below is also needed to determine the entrainment term, which has been shown to play an important role in improving the heat budget, at least on seasonal timescales [Qiu, 2000; Vivier et al., 2002; Dong and Kelly, 2004; Dong et al., 2007] . The difference of the mixed-layer temperature and the temperature of entrained water, dT is used in computing the entrainment. A constant dT of 0.5°C or 1°C has been used in number of studies [e.g., Qiu, 2000] . However, the presence of temperature inversions implies that the mixed layer can actually warm by entraining warmer water from below, contradicting the traditional idea of cooling by entrainment. Dong et al. [2007] showed that a monthly climatological dT, defined as the difference between the temperature at the surface (T s ) and the temperature at the bottom of the mixed layer (T d ), is generally negative south of the ACC and in the Indian Ocean just north of the Subantarctic Front during the cooling season. Using a constant dT leads to a larger imbalance in the heat budget because of an incorrect representation for the entrainment [Dong et al., 2007] . Quantitative data for dT are available in the auxiliary material (see Appendix A).
Mixed-Layer Depth

Monthly Climatology of the Mixed-Layer Depth
[16] To create a monthly climatology, the individual MLDs determined using the density difference criterion are objectively mapped [Bretherton et al., 1976; Roemmich, 1983 ] using e-folding scales of 2 degrees in latitude, 5 degrees in longitude, and 30 d in time. These e-folding scales are derived from the autocorrelation of individual MLDs. The monthly MLDs (Figure 3 ; quantitative data are available in auxiliary material; see Appendix A) show similar spatial structures in each month, with deep mixed layers within and just north of the ACC. Here the monthly mean dynamic heights of À0.4 m and À1.2 m define the ACC region, where the monthly mean SSH anomalies during 2002 -2006 from satellite altimeter [Ducet et al., 2000] are added to the mean dynamic heights [Maximenko and Niiler, 2005] . The MLD experiences large seasonal variability with the deepest mixed layers in August/September (Figures 3h and 3i ) and the shallowest mixed layers in January/February (Figures 3a and 3b) . The deep mixed layers from June to October are generally located just north of the ACC (Figures 3fÀ3j) . The deepest mixed layers in the Pacific and Indian oceans exceed 400 m. In contrast in the Atlantic the MLD is relatively shallow with a wintertime maximum of about 150 m. The deep mixed layer region to the north of the Subantarctic Front was first described by McCartney [1977] . It is consistent with the deep mixed layer region inferred from oxygen saturation [Talley, 1999; Hanawa and Talley, 2001] and is synonymous with the formation region of AAIW and SAMW.
[17] Salinity influences stratification in the Southern Ocean, as clearly demonstrated from the MLD differences between the density and temperature criteria (Figure 4 ). The differences in MLDs exceed 100 m to the north of the ACC during winter (Figures 4gÀ4j). In general, the density criterion gives a deeper mixed layer during the cooling season from July to October (Figures 4gÀ4j) , particularly in the region from the eastern Indian Ocean to the Pacific where the maximum temperature in a large number profiles is found below the surface (Figure 1c ). These deeper mixed layers from density are due to the compensation between temperature and salinity: the decrease in density associated with warmer temperatures is compensated by an increase in salinity. In contrast north of the Subantarctic Front in the eastern Pacific, MLDs from the temperature criterion are much deeper than those MLDs determined from the density profiles, as also shown by Holte and Talley (submitted manuscript, 2008) . In this region, temperature profiles experience a weak temperature inversion (Figure 2c ), but the subsurface temperature maximum is less than 0.2°C warmer than the surface temperature. Thus, this inversion cannot be detected by the temperature criterion of jDTj ! 0.2°C, resulting in an apparently much deeper mixed layer. The temperature criterion also gives a much deeper mixed layer in a small region north of the ACC between 120°E and 140°E (Figures 4eÀ4j) , where the temperature profiles show a structure similar to Figure 2c. 
Relationship Between Deep Mixed Layers and SAMW
[18] Since the deep mixed layer region is synonymous with the formation region of AAIW and SAMW [McCartney, 1977; Talley, 1999; Hanawa and Talley, 2001 ], here we examine the profiles with deep mixed layers for the properties of SAMW. The temperature and salinity of SAMW vary with longitude as the ACC shifts southward [McCartney, 1977; Hanawa and Talley, 2001] . However, as first pointed out by McCartney [1977] , the eastward decreasing temperature from the western Atlantic to the eastern Pacific is compensated by decreasing salinity, such that the eastward density increase of SAMW is weaker than if governed only by temperature. In agreement with McCartney [1977] , the scatterplots of MLD against sea surface density ( Figure 5) show that the deep mixed layers from both the density (Figure 5a ) and temperature (Figure 5b ) criteria are within a narrow density band. The surface density, temperature, and salinity for the profiles with MLD exceeding 400 m vary within the range of 26.57 -27.04 kg m À3 , 4.3-13.3°C, and 34.1 -35.3 psu, respectively. Both density and temperature are within the property range of the SAMW [Hanawa and Talley, 2001] . However, the salinity of these deep mixed layers is slightly fresher than the salinity of historical measurements of SAMW (34.2-35.8 psu) [Hanawa and Talley, 2001] . This might be explained by freshening observed in the intermediate waters of the North Pacific and Southern Ocean from six hydrographic sections from 1985 to 1994 during the World Ocean Circulation Experiment [Wong et al., 1999] compared to the historical data collected between 1930 and 1980 . Wong et al. [1999 attributed the freshening of the intermediate water to a salinity decrease of the surface waters due to an increase in precipitation over evaporation.
[19] Consistent with past observations of SAMW properties [Hanawa and Talley, 2001] , the surface density and temperature for the deep mixed layers derived from the Argo profiles vary spatially ( Figure 6 ): density increases from 26.57 kg m À3 to 27.04 kg m
À3
, and temperature decreases from 13.3°C to 4.3°C as the ACC shifts southward from the Indian Ocean to Drake Passage. As shown in ) and absolute value of temperature (jDTj = 0.2°C) difference criteria for (a) January through (l) December. Positive values (red) indicate that the density-based MLD is deeper than the temperature-based MLD. The black curves are the monthly mean SSH contours of À0.4 m (north) and À1.2 m (south), which are used to define the ACC. Quantitative data are found in auxiliary material. Figure 5 ) which corresponds well to the density of the thickest Southeast Indian Ocean SAMW [Talley, 1999; Hanawa and Talley, 2001 ], consistent with Figure 6a which shows this density cluster only in the Southeast Indian Ocean.
[20] The formation region for SAMW in the Atlantic is limited [McCartney, 1982] . In the western Atlantic, SAMW and Subtropical Mode Water (STMW) are associated with the Brazil-Malvinas front, where STMW is found to the north of the front and SAMW on both sides of the front [Provost et al., 1995] . The density definitions of SAMW from different studies [Provost et al., 1999; Donners et al., 2005] are not clearly distinguished from the density definition of STMW. Thus, it is difficult to separate SAMW from STMW in the Argo profiles that have MLDs exceeding 200 m. So, the properties of the Atlantic SAMW are not discussed here.
[21] The wintertime deep mixed layers and formation of the SAMW have been related to air-sea heat exchange and wind-forcing [e.g., McCartney, 1977] . A large heat loss from the ocean to the atmosphere during winter causes vertical convection which results in a deep mixed layer. Strong wind mixing can also result in a deep mixed layer. In addition, the oceanic advection, transport convergence, and the initial stratification before the cooling season can also play a role in forming deep mixed layers. Here we examine their relationship using air-sea heat fluxes calculated from the National Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysis fields [Kalnay et al., 1996] using the state-of-the-art bulk flux algorithm version 3.0 developed from the Coupled Ocean-Atmosphere Response Experiment (COARE 3.0) [Fairall et al., 2003] . Details of the calculation are given by Dong et al. [2007] . We also examine the relationship of the SAMW with wind stress and wind stress curl using wind stress fields from QuikSCAT scatterometry [Pegion et al., 2000] and a blended wind stress curl product from QuikSCAT scatterometry and NCEP [Milliff et al., 1999] .
[22] The locations with deep mixed layers are well within the region of strong wintertime cooling just to the north of the ACC (Figure 7a) , consistent with the idea that deep convection from wintertime cooling leads to the formation of mode water. The wind stress (Figure 7b ) in the Indian Ocean is much stronger than that in the Pacific, which results in strong mixing, and hence a deep mixed layer. The strong wind also results in a strong horizontal Ekman advection in the Indian Ocean, which brings more cold water from the south to the mode water formation region, assisting the development of deep mixed layers. The deep mixed layers in the eastern Indian and western Pacific also correspond well to the location of the mean zero wind stress curl (Figure 7c ), indicating that the mode water formation region coincides with the region of the strongest wind. Again, the strong mixing from wind may assist the formation of mode water. However, in the eastern Pacific the deep mixed layers are within regions where the wind stress curl is negative, corresponding to Ekman upwelling which may play a role in weakening the vertical stratification. The heat loss to the atmosphere in the eastern Pacific (Figure 7a ) is stronger than that in the Indian Ocean, suggesting that airsea heat exchange may play a relatively larger role in mode water formation in the eastern Pacific.
[23] The difference between the eastern Pacific and eastern Indian is also evident in the stratification of temperature and salinity (Figures 8a and 8b ) just below the mixed layer, here averaged within a 5°latitude band north of the ACC that corresponds to the region of SAMW formation and the deep mixed layers. Again, the SSH contour of À0.4 m from the monthly mean SSH maps is used to represent the seasonal variability of the northern boundary of the ACC. We also calculated the stratification using the mean Subantarctic Front locations from previous studies [Orsi et al., 1995; Belkin and Gordon, 1996; Gille, 1999] . The results are all similar to Figures 8a and 8b , suggesting that the stratification is not sensitive to our representation of the ACC. Both the Pacific and Indian oceans show a stable water column year round and a similar density stratification (Figure 8c ). Temperature controls the density stratification in the Pacific. In contrast, in the Indian Ocean salinity stabilizes the water column, particularly during the cooling season when the Indian Ocean experiences temperature inversions (Figure 8a ). The increase in density from salinity compensates the decrease in density from the temperature inversion at the base of the mixed layer (Figure 8b ). This cold and fresh water in the Indian Ocean is potentially advected from the South owing to the strong wind, which may partially explain the weak heat loss to the atmosphere compared to the eastern Pacific. The differences in the temperature and salinity stratification and in wind-forcing between the eastern Pacific and eastern Indian Ocean suggest that the mode water formation in each region may be preconditioned by different processes. In the eastern Pacific, wind stress curl induced upwelling weakens the vertical stratification, which may play an important role in preconditioning for mode water formation. The strong cooling may also plays a large role in forming deep mixed layer for temperature-stabilized water column. In contrast in the Indian Ocean, the strong wind mixing and northward Ekman advection of the cold and fresh Antarctic Surface Water and the advection of the warm and salty Agulhas Return water upstream may have a larger impact on the vertical stratification.
[24] As shown in Figures 6 and 7 , only one Argo profile gives a MLD exceeding 400 m in the Atlantic Ocean, and no deep mixed layers are found between 180°and 200°E during our study period. The water column in these regions is strongly stabilized mainly by temperature (Figures 8a  and 8c ). The strong density stratification in the Atlantic and between 180°À200°E is demonstrated more clearly in Figure 8d , which shows the density stratification averaged from May to July before the MLD reaches its maximum. This suggests that the strong stratification in these regions probably prevents deep convection from occurring.
Conclusion
[25] Argo float profiles of temperature, salinity and pressure are used to determine MLDs in the Southern Ocean (30°S-65°S, 0°E-360°E). Here the MLD is determined from individual profiles based on density (Dr = 0.03 kg m
À3
) and temperature (jDTj = 0.2°C) difference criteria. Salinity can play a strong role in the density stratification of the Southern Ocean. Nearly 24% of the total temperature profiles experience inversions. Temperature inversions are not limited to winter, but can occur in all seasons, and furthermore the temperature structure in the upper water column can vary depending on the season. The wintertime profiles are dominated by a cold layer in the upper ocean. During spring and summer, the upper part of the cold layer warms and caps the cold water below, and then the surface warm layer cools again in fall and winter. Salinity decreases with depth away from the ACC; in contrast in the vicinity of the ACC and to its south, and in the eastern Pacific salinity increases with depth. The dominant role of salinity in the stratification and the temperature inversions suggest that the Southern Ocean MLDs are likely to pose different challenges than MLDs in regions that are strictly temperature stratified. This implies that when using a temperature difference criterion to determine MLD, it is important that absolute temperature differences (jT s ÀT d j) relative to the surface temperature are used to determine the true MLD.
[26] A monthly climatology (see auxiliary material for the quantitative data) is derived from individual MLDs using an objective mapping method. The spatial structure of the MLD is similar in each month, with deep mixed layers within and just north of the ACC in the eastern Pacific and Indian oceans. The MLD varies seasonally with the deepest mixed layers in August/September and the shallowest in January/February. The spatial distribution of the deep mixed layers is consistent with the formation region of SAMW. Examination of individual MLDs indicates that the deep mixed layers (MLD ! 400 m) from both the density and temperature criteria are concentrated in a narrow density band (26.57 -27.04 kg m
) which is within the density range of SAMW. The narrowness of the density band is attributed to the compensation between decreasing temperature and salinity from the Indian Ocean to the eastern Pacific. The sea surface salinity for those deep mixed layers is slightly fresher than the salinity historically reported for the SAMW. The surface density increases and temperature decreases as the ACC shifts southward from the Indian Ocean to Drake Passage, which is consistent with the spatial variability of the SAMW properties [Hanawa and Talley, 2001] .
[27] Deep mixed layers are well within the region of strong wintertime cooling, consistent with the idea that deep convection from wintertime cooling leads to the formation of mode water. However, the strong wind in the Indian Ocean and the colocation of the strong wind with the region of mode water formation suggest that the wind mixing and Ekman transport of cold water from the south may assist the formation of mode water. In contrast in the eastern Pacific, the formation of mode water is potentially preconditioned by the relative strong cooling and weak stratification from upwelling.
Appendix A
[28] The auxiliary material for this paper include four different mixed-layer depth climatologies. As discussed in the text, one is based on a potential density difference of Dr > 0.03 kg m
À3
, a second on a potential temperature difference of jDTj > 0.2°C, a third on the potential densitybased hybrid method of Holte and Talley (submitted manuscript, 2008) , and the fourth on Holte and Talley's (submitted manuscript, 2008) temperature method. Monthly values are objectively mapped to 1°Â 1°resolution, and formal objective mapping errors are reported.
[29] As noted in the text, the temperature difference between water in the mixed layer and water entrained into the mixed layer along its base (dT) varies spatially and temporally. Objectively mapped monthly climatologies for these values corresponding to the MLDs based on the temperature and density difference criteria are also reported, along with error estimates. Note that for each Argo profile values of dT based on the potential temperature difference criterion are formally either +0.2°C or À0.2°C, though the mapping procedure averages these individual values to give a range of dT.
